We report on the recording of stabilized running holograms in photorefractive materials with arbitrarily selected phase shift ϕ between the transmitted and difracted beams propagating along the same direction behind the photorefractive crystal. The dependence of the diffraction efficiency and of the hologram speed on ϕ, in such stabilized holograms, can be easily measured and used for material characterization. In this communication we applied for the first time this technique for studying and characterizing hole-electron competition in a nominally undoped titanosillenite crystal sample.
Introduction
The generation of running holograms in photorefractive materials were thoroughly studied since long, for analysing the recording process itself [1] [2] [3] [4] [5] [6] and for material characterization [6] [7] [8] [9] .
The use of self-stabilization techniques for holographic recording [10, 11] in conditions where a nonstationary hologram arises was shown [12] to produce so called fringe-locked running holograms that were later used for analysing the recording process [13] and for material and hole-electron competition [14] characterization in photorefractives [15, 16] . The effect of bulk light absorption on the dielectric relaxation and its effect on running hologram recording was demonstrated [17] and taken into account for improving the mathematical model for feedback-operated running hologram recording [18] . Such feedback controlled running holograms under strong light absorption were used for material characterization too [19, 20] . The use of a feedback setup enabling stabilized recording with arbitrarily selected holographic phase shift ϕ (the phase shift between the transmitted and diffracted beams along the same direction behind the crystal) was shown [21] to produce photorefractive running holograms with controlled speed and diffraction efficiency. In this way almost environmental perturbation-free (stabilized) running holograms with known and fixed phase shift values could be produced [22] and used for photorefractive materials characterization [23] . Still very important is the fact that the latter technique allows accurately computing ϕ directly from the zeroing of the error signal, which is a combination of the first and second temporal harmonics produced by the piezoelectric-driven phase modulation in the setup, without requiring the knowledge of several setup parameters like the amplification of the lock-in amplifiers and the response of the piezoelectric [7] that may be quite nonlinear indeed.
In this paper we take advantage of such stabilized running holograms, with arbitrarily selected ϕ, for characterizing nominally undoped photorefractive titanosillenite crystals. The diffraction efficiency (η) and the running hologram speed v (or detunning Ω = Kv, K being the hologram wave vector value) are measured as a function of the arbitrarily selected ϕ, for characterizing some parameters of the electron as well as of the hole photoactive centers in the samples.
Theory
The present theoretical development is based on the two-photoactive centers model [24] [25] [26] , one center (donors) for electrons and the other (acceptors) for holes. The strong light absorption effect on the response time is also considered. The space-charge field evolution based on electron and on hole charge carriers are respectively described by the couple of equations [9] :
with the parameters
where ı ≡ √ −1, the subindex j = 1 is always for electrons and j = 2 for holes, with E 0 being the externally applied electric field, k B the Boltzmann constant, T the absolute temperature, ε 0 the permittivity of vacuum, ε the dielectric constant and q the absolute value of the electron electric charge. The density of free charge carriers and their mobility in the extended states (Conduction or Valence Bands) are N j and µ j , respectively, and E q j is the limit value of the space-charge field. The phenomenological parameter ξ j accounts for the effect of the Debye length (l s j ) on the electric coupling when the interacting charges are spatially separated, as proposed elsewhere [27] . The solution of Eqs. (1) and (2) is:
where E st sc assumes the simplified expression:
for ξ 1,2 [27] being small enough to assume that κ 12 ≈ κ 21 ≈ 0. The diffraction efficiency η and the phase shift ϕ, accounting on self-diffraction and bulk absorption effects, can be written as [28] :
with β 2 being the pump-to-signal beam intensity ratio and
Here ℜ{} and ℑ{} represent the real and the imaginary parts respectively and z is the coordinate along the crystal thickness. The quantitiesΓ andγ are here introduced in order to take account on the effect of the bulk absorption α on the τ M j , as reported elsewhere [18] . In fact, because of the relatively large value of α, τ M j = τ M j (z) does depend on the coordinate z along the crystal thickness:
with Φ j being the quantum efficiency for charge carriers (electrons or holes) photogeneration with light of photonic energy hν. Consequently ω R j and ω I j do also depend on z as well as the derived E st sc , Γ and γ quantities. It was already shown elsewhere [7, 18] , that using the spatial averagesΓ andγ instead of the plain Γ and γ, in the expressions for η and tan ϕ, the effect of the bulk absorption on these quantities are effectively taken into account.
Experiment and results
Holographic gratings were recorded using a λ = 514.5 nm laser light on a d = 2.35 mm thick nominally undoped photorefractive titanosillenite crystal Bi 12 TiO 20 (labelled BTO-J13) produced by Prof. J.F. Carvalho at the Institute of Physics of the Universidade Federal de Goiás (UFG), Goiânia-GO, Brazil. The crystal is used in a transverse configuration with symmetrically incident recording beams, with the electric field E 0 applied along the [110]-axis, parallel to the hologram wavevector K, and the [001]-axis perpendicular to the incidence plane. The bulk absorption of the crystal at the operating wavelength was α ≈ 10.50 cm −1 . The recording was carried out using self-stabilization with an arbitrarily selected phase shift ϕ as described elsewhere [21, 22] .
The experimental procedure is as follows: An external electric field E 0 is applied and a phase shift ϕ is fixed at a chosen value by means of the stabilization feedback loop so that the latter makes the recording pattern of fringes to run at a speed v (Ω = Kv) in order to allow recording a photorefractive hologram with the chosen parameters E 0 and ϕ. The diffraction efficiency of this running hologram is measured in these conditions and plotted (•) in Fig. 1 as a function of ϕ, for a constant E 0 . The detunning Ω = Kv as a function of ϕ is also measured and plotted in Fig. 2 . From the two figures above, η is plotted as a function of Ω in Fig. 3 . The continuous curve in Fig. 3 is the best theoretical fitting of Eq. (12) Table 1. resulting material parameters displayed in the 3 rd row of 
(nm) (nm) (nm) (nm) Fig. 1 The results in Table 1 show that the most reliable parameters found out for electrons and holes are: Φ 1 = 0.40 − 0.64 and Φ 2 ≈ 0.011, L D1 = 163 − 170 nm and Ł D2 ≈ 485 nm, l s1 ≈ 50 nm and l s2 ≈ 287 nm. These parameters, at least for electrons, are not far from those (Φ 1 = 0.33, L D1 = 160 nm and l s1 = 38 nm) already published [20] for the same sample. The parameters for holes, on the other hand, are roughly coherent with their expected lower concentration and experimentally verified reduced participation in the recording process.
The hologram recorded on this undoped titanosillenite crystal was experimentally shown (as already reported before [29] ) to be easily and rapidly erased using λ = 1200 nm light from a LED (light emitting diode) having a photonic energy slightly above 1 eV. The latter Table 1 .
is close to the energy gap between the top of the Valence Band and the Fermi level, where the main photoactive centers are localized an where it is expected that the space-charge fieldbased hologram be recorded. As optical recording is known to occur mainly by electrons, that need to be excited to the bottom of the Conduction Band (2.2 eV above the Fermi level), we should conclude that holes (to be excited to the top of the Valence Band 1 eV below the Fermi level) are responsible for 1200 nm light erasure. This result indicates that holes are actually participating (although in a much lower proportion than electrons) in optical recording (and erasure) in undoped sillenites, in agreement with our detection and measurement of material parameters of holes in the present running hologram experiments.
Conclusions
The present paper shows that running hologram experiments produced under carefully controlled conditions may be useful for characterizing photorefractive materials and even detect minoritary (more than l 2 s2 /l 2 s1 ≈ 30-fold lower concentration) charge carriers (holes in this case) even if a relatively large number of unknown parameters are involved. In the present case, the combined use of large and small values for K helped to optimize the parameters to be found out from experimental data fitting: from low K values we may overlook some of the diffusion and Debye lengths so as to find out reliable values for the remaining parameters. Electrons and holes being electrically uncoupled, as formulated in Eq. (11), was experimentally verified and enabled the independent determination of parameters for both type of charge carriers here. From data displayed in Table 1 for electrons and for holes it becomes evident that parameters for electrons are much more relevant for curve shaping than are those for holes, so that the latter remain rather unchanged while the former vary sensibly from one experiment to the other. This is probably due to the fact that electrons are majority carriers and therefore have far larger influence in determining the adjustment of theoretical curves. Table 1 .
